The aim of this paper is to understand the factors involved in the ethanol oxidation of ␣-Ni(OH) 2 /Pt/Ti electrodes. ␣-Ni(OH) 2 films are formed on Pt in nickel nitrate solution by cathodic deposition. Both electrode deposition time and nickel nitrate concentration for preparing the working electrode affect the response current of ethanol oxidation. The results showed that oxidation of ethanol significantly depended on the thickness and porosity of ␣-Ni(OH) 2 . A 0.96 m thick ␣-Ni(OH) 2 film could oxidize ethanol effectively. If the ␣-Ni(OH) 2 film was thicker than 5.09 m, there was no response current of ethanol oxidation. The optimal operating conditions for preparing a desired thickness of ␣-Ni(OH) 2 /Pt/Ti electrode were 15 min at 1 mA cm There is great scientific and technological interest in the study of nickel-based materials, which are applied as an electrocatalyst for organic synthesis 1-3 or as sensors for alcohol detection. [4] [5] [6] [7] [8] The oxidation of alcohol is based on the redox pair Ni(OH) 2 /NiOOH, which can be formed on the nickel surface in alkaline medium. Two different structures of nickel hydroxide exist, denoted ␤-Ni(OH) 2 and ␣-Ni(OH) 2 , which in the oxidation process transform to ␤-NiOOH and ␥-NiOOH, respectively.
The aim of this paper is to understand the factors involved in the ethanol oxidation of ␣-Ni(OH) 2 /Pt/Ti electrodes. ␣-Ni(OH) 2 films are formed on Pt in nickel nitrate solution by cathodic deposition. Both electrode deposition time and nickel nitrate concentration for preparing the working electrode affect the response current of ethanol oxidation. The results showed that oxidation of ethanol significantly depended on the thickness and porosity of ␣-Ni(OH) 2 . A 0.96 m thick ␣-Ni(OH) 2 film could oxidize ethanol effectively. If the ␣-Ni(OH) 2 film was thicker than 5.09 m, there was no response current of ethanol oxidation. The optimal operating conditions for preparing a desired thickness of ␣-Ni(OH) 2 /Pt/Ti electrode were 15 min at 1 mA cm Manuscript submitted May 7, 2002 ; revised manuscript received December 8, 2002 . Available electronically April 11, 2003. There is great scientific and technological interest in the study of nickel-based materials, which are applied as an electrocatalyst for organic synthesis [1] [2] [3] or as sensors for alcohol detection. [4] [5] [6] [7] [8] The oxidation of alcohol is based on the redox pair Ni(OH) 2 /NiOOH, which can be formed on the nickel surface in alkaline medium. Two different structures of nickel hydroxide exist, denoted ␤-Ni(OH) 2 and ␣-Ni(OH) 2 , which in the oxidation process transform to ␤-NiOOH and ␥-NiOOH, respectively. 9 The ␣ form of nickel hydroxide has a higher reversible redox capacity compared to the ␤ form, because the oxidation state of nickel in ␥-NiOOH is higher than that of ␤-NiOOH. 10, 11 Therefore, ␣-Ni(OH) 2 is expected to be a better electroactive material for oxidation of alcohol.
Recently, two research groups 12, 13 have published results on the electrochemical oxidation of methanol at a nickel hydroxide/glassy carbon ͑GC͒ electrode. Taraszewska and Roslonek 12 investigated nickel hydroxide modified GC electrodes by cyclic voltammetry ͑CV͒. They reported that Ni(OH) 2 /GC modified electrode acted as an effective catalyst for oxidation of methanol. El-Shafei 13 studied the effects of both scan rate and methanol concentration on the anodic peak height and demonstrated that methanol oxidation corresponds to the formation of NiOOH on the electrode surface. Although these studies have shown that nickel hydroxide is a good catalyst for alcohol anodic oxidation, the factors of alcohol anodic oxidation are unclear. In addition, the structure of the nickel hydroxide electrode is not identified. This paper describes the oxidation of ethanol on the ␣-Ni(OH) 2 /Pt/Ti electrode. CV was employed to analyze the electrochemical behavior between two types of nickel hydroxide. Different electrode preparing conditions were investigated to optimize the sensing characteristics. The mechanism of ethanol oxidation on the ␣-Ni(OH) 2 electrode in alkaline is also discussed.
Experimental
Preparation of Pt/Ti on the titanium substrate.-Doubly distilled water and analytical reagent grade chemicals were used for all experiments. A 6 ϫ 1 ϫ 0.1 cm 3 titanium plate was degreased with acetone, rinsed with water, and etched in 6 N HCl solutions at 90°C for 30 min. A Pt inner layer of the treated titanium plate was formed by dc reactive magnetron sputtering ͑PFG1500DC, Hüttinger, Germany͒ from a Pt target in argon atmosphere. A sputtering power of 30 W was used and the total pressure was kept at 1.2 ϫ 10 Ϫ2 Torr for changing the deposit time from 10 to 143 min. The Pt films with thickness between 0.5 and 5 m were deposited at 25°C. Unless otherwise stated, 0.5 m thick Pt was used as the inner layer. 2 / Pt/Ti on the platinum substrate.-Nickel hydroxide films were prepared by cathodic deposition of nickel in nickel nitrate solutions ͑0.5-2 M͒ at the Pt/Ti substrate. The entire electrochemical synthesis process was controlled galvanostatically at constant cathodic current density of 1 mA cm
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Ϫ2
which was related to the geometric areas of 1 cm 2 . The cathodic deposition time was varied in the range from 5 to 25 min in order to observe the effect of ethanol oxidation. A platinum plate and Ag/ AgCl ͑in saturated KCl͒ were employed as the counter and reference electrodes, respectively, in the ␣-Ni(OH) 2 deposition cell. The prepared film was partially sealed with a Teflon tape to define the working electrode area of 1 cm 2 . The ␤-Ni(OH) 2 was formed by heating ␣-Ni(OH) 2 in 8 M KOH at 90°C for 3 h. 9 Characterization of electrodes.-The structure of the prepared ␣-Ni(OH) 2 /Pt/Ti electrode was characterized by using a multipurpose X-ray thin-film diffractometer ͑Rigaku ATX-E and Rigaku D/MAX2500͒ with Cu K␣ radiation. The scanning diffraction angle range was from 60 to 10°at a speed of 4°/min. A scanning electron microscopy ͑SEM, Hitachi S4100͒ was used to examine the surface morphology. The real surface area of the ␣-Ni(OH) 2 /Pt/Ti electrode was determined by N 2 gas adsorption at Ϫ196°C by the Brunauer-Emmett-Teller method ͑BET, Micromeritics ASAP2010͒. X-ray photoelectron spectroscopy ͑XPS, VG.ESCA210͒ was used to * Electrochemical Society Active Member. z E-mail: tcchou@mail.ncku.edu.tw analyze the chemical states of nickel and oxygen species on the electrode surface. Furthermore, the thickness profiles of ␣-Ni(OH) 2 films were recorded by an Alpha-Step 200 ͑Tencor͒. In order to prevent the charge buildup, a thin platinum film was sputtered on the surface of the sample and the SEM was carried out.
Electrochemical measurements.-A three-electrode electrochemical cell was used as a sensing system. Aqueous solution containing 120 mL of 0.1 M KOH ͑Riedel-deHaën͒ was added into a 150 mL Pyrex flask. The prepared KOH solution was used as electrolyte. The prepared ␣-Ni(OH) 2 /Pt/Ti electrode (1 ϫ 1 cm 2 ) and platinum foil (2 ϫ 2 cm 2 ) were used as working and counter electrodes, respectively. The electrochemical properties of the electrodes were analyzed by CV using an EG&G 273A potentiostat with an m270 electrochemical analysis system. All potentials were specified to the reference electrode, Ag/AgCl ͑in saturated KCl͒ aqueous solution. Figure 1 shows the X-ray thin film diffraction ͑XRD͒ patterns of the ␣-Ni(OH) 2 /Pt/Ti electrode obtained by the electroreduction of Ni 2ϩ in 0.1 M nickel nitrate solution using a Pt/Ti substrate at 1 mA cm Ϫ2 cathodic current density for 15 min. Obviously, a low-angle reflection appeared at 7.4 Å that was the first characteristic peak identified as ␣-Ni(OH) 2 .
Results and Discussion
Structural characterization of the α-Ni(OH)
14,15 Due to the Pt/Ti substrate effect, the asymmetry reflections on the higher 2 side in the range from 2.6 to 2.3 Å of ␣-Ni(OH) 2 was covered by orientations of Ti͑100͒ and Ti͑101͒.
Ni(OH) 2 with a highly hydrated structure was identified as ␣-Ni(OH) 2 . The structure of the ␣-Ni(OH) 2 is difficult to determine because it has a low crystallinity. Several researchers have examined the structure of ␣-Ni(OH) 2 .
14-16 ␣-Ni(OH) 2 commonly prepared by electrochemical precipitation from nitrate baths is regarded as highly hydrated. In addition, ␣-Ni(OH) 2 is formed under the lower cathodic current density (Ͻ8 mA cm Ϫ2 ). In order to attain the ␣-Ni(OH) 2 /Pt/Ti electrode, all prepared procedures of synthesis of ␣-Ni(OH) 2 were kept at 1 mA cm Ϫ2 cathodic current in this paper. 2 / Pt/Ti and β-Ni(OH) 2 / Pt/Ti electrodes.-CV was performed in solutions with and without 1000 ppm ethanol in 0.1 M KOH at both ␣-Ni(OH) 2 /Pt/Ti and ␤-Ni(OH) 2 /Pt/Ti electrodes to compare electrocatalytic behavior. In the absence of ethanol, the background current of these two electrodes in 0.1 M KOH is observed as shown in Fig. 2a . Clearly, by using ␣-Ni(OH) 2 /Pt/Ti electrode the CV showed higher back- ground current than that of ␤-Ni(OH) 2 /Pt/Ti. For the ␤-Ni(OH) 2 /Pt/Ti electrode, the anodic peak appeared at 575 mV ͑vs. Ag/AgCl͒ while the cathodic peaks appeared at 335 mV ͑vs. Ag/AgCl͒. The anodic peak was similar to ␤-Ni(OH) 2 oxidizing to ␤-NiOOH. The ␣-Ni(OH) 2 /Pt/Ti electrode exhibited the anodic peak at 640 mV ͑vs. Ag/AgCl͒ and the cathodic peak was detected at 245 mV ͑vs. Ag/AgCl͒. The anodic peak corresponded to ␣-Ni(OH) 2 oxidizing to ␥-NiOOH, while the cathodic peak was from the reduction of ␥-NiOOH to ␣-Ni(OH) 2 . However, these peak positions are not consistent with the data reported. 17,18 Kim 17 In order to examine the substrate effect on the electrochemical properties of ␣-Ni(OH) 2 , the same prepared conditions of ␣-Ni(OH) 2 films were made on Pt and various thicknesses of sputtered Pt of the Pt/Ti electrodes. The electrochemical properties of the ␣-Ni(OH) 2 /Pt and ␣-Ni(OH) 2 /Pt/Ti electrodes were performed by CV. The positions of peaks are listed in Table I . The results showed that the redox pair of ␣-Ni(OH) 2 /Pt electrodes exhibited much more reversibility than that of ␣-Ni(OH) 2 /Pt/Ti electrodes. Furthermore, increasing the thickness of the Pt inner layer from 0.5 to 5 m, the anodic peak shifted from 640 to 675 mV ͑vs. Ag/AgCl͒ while the cathodic peaks shifted from 245 to 338 mV ͑vs. Ag/AgCl͒. It seems that sputtered Pt plays an important role in pulling electrons, resulting in both the anodic and cathodic peaks shifting to more positive potential. Nevertheless, the range of shifting potential was larger for the reduction peak than the oxidation peak. Therefore, the increment of the thickness of Pt inner layers appears to reduce the irreversibility of ␣-Ni(OH) 2 /Pt/Ti electrodes. Figure 2b displays net CV currents obtained at ␣-Ni(OH) 2 /Pt/Ti and ␤-Ni(OH) 2 /Pt/Ti electrodes in 1000 ppm ethanol electrolyte solution. The net anodic peak current densities for ethanol oxidation at the ␣-Ni(OH) 2 /Pt/Ti electrode were much larger than those for the ␤-Ni(OH) 2 /Pt/Ti electrode. This observation was consistent with our previous expectation. Therefore, this behavior clearly demonstrates that the ␣-Ni(OH) 2 /Pt/Ti electrode can carry out more efficient electrocatalytic oxidation of ethanol.
Ethanol oxidation on α-Ni(OH)
Optimal α-Ni(OH) 2 / Pt/Ti electrode composition and preparation conditions for ethanol oxidation.-Effect of electrode deposition time.-The effect of deposition time for preparing electrodes on the response current of ethanol oxidation was studied by CV. Figure 3 shows the net ethanol oxidation peak currents by subtracting background currents from the peak current of 1000 ppm ethanol in 0.1 M KOH solution at ␣-Ni(OH) 2 /Pt/Ti electrodes. Clearly, the oxidation peak currents for the electrodes prepared with 15 min deposition time were larger than the others. By increasing the deposition time for preparing the electrode from 5 to 15 min, the response current of ethanol oxidation increased from 3.0 to 4.3 mA. Further increasing the electrode deposition time from 15 to 25 min, the response current of ethanol oxidation decreased from 4.3 to 0 mA. The effect of electrode deposition time on the response currents of ethanol oxidation may arise due to either (i) surface modification of ␣-Ni(OH) 2 /Pt/Ti or (ii) the increase of thickness of ␣-Ni(OH) 2 /Pt/Ti films, demonstrated as follows.
The surface morphologies of the ␣-Ni(OH) 2 /Pt/Ti electrodes with different electrode deposition times are examined by SEM as shown in Fig. 4 . Furthermore, the corresponding thicknesses of ␣-Ni(OH) 2 films are listed in Table II . When the film was prepared with a deposition time of 5-15 min, the electrode surface had more chunky fragments and the thickness of ␣-Ni(OH) 2 films increased from 1.18 to 3.25 m. At the same time, the response current increased with a range from 3.0 to 4.3 mA. This suggests that the response current for ethanol oxidation is promoted by increasing the active material of ␣-Ni(OH) 2 films. By further increasing the electrode deposition time up to 25 min, large chippings containing small scraps were observed, and the thickness of ␣-Ni(OH) 2 films reached a maximum value of 5.09 m. However, with the deposition time more than 25 min, the response current decreased to 0 mA dramatically. It is necessary to investigate in more detail the value of the real area rather than 1 cm 2 of the geometric area to determine the existence of pores. The specific areas for the various deposition times of the ␣-Ni(OH) 2 are also listed in Table II . The real area increased from 2720 to 5144 cm 2 /1 cm 2 geometry larger than 1 cm 2 of the bare geometry area with increase of the deposition time from 5 to 25 min. These data indicated that the morphology contained considerable porosity mounted under the surface, resulting in the larger value of the specific area. 19 Although ␣-Ni(OH) 2 films with 25 min deposition time got both largest thickness and real surface area, reaction within the pores could become limiting by mass transfer of ethanol in the case of thick films. Therefore, films that were too thick to conduct ions through the ␣-Ni(OH) 2 films gave a loss of response current at constant applied potential, which is of interest in obtaining the greatest response current of ethanol oxidation. The 15 min deposition time of the ␣-Ni(OH) 2 /Pt/Ti electrode was selected for further studies. The shifting oxidation peak position with varying concentration of Ni 2ϩ may be due to crystallinity of ␣-Ni(OH) 2 films. Jayashree and Vishnu-Kamath 14 found that the quality of ␣-Ni(OH) 2 deteriorates even at low current densities when the nickel nitrate concen- tration is low. In order to confirm the identification of the chemical states of nickel and oxygen species on the electrode surface, nickel hydroxide made by various Ni 2ϩ concentrations was investigated by XPS ͑Table III͒. It is clearly evident that although oxidation peak position shifts with the change of Ni 2ϩ concentration, the electrodes in this work are identified as ␣-Ni(OH) 2 .
The surface morphologies of the ␣-Ni(OH) 2 /Pt/Ti electrode with different Ni 2ϩ concentrations are examined by SEM at two magnifications as shown in Fig. 6 , and the corresponding thickness of ␣-Ni(OH) 2 films are listed in Table IV . At lower SEM magnification of 1000x, as the Ni 2ϩ concentration increased from 0.1 to 2.0 M, the surface of the electrode became coarser like substrate, and the thickness of the ␣-Ni(OH) 2 films decreased from 3.25 to 0.11 m, showing that increasing Ni 2ϩ concentration reduces the thickness of ␣-Ni(OH) 2 films. To understand the effect of Ni(NO 3 ) 2 concentration on response current of ethanol oxidation in detail, higher SEM magnification of 15,000x was used to observe the morphologies of the ␣-Ni(OH) 2 /Pt/Ti electrode surface. When Ni 2ϩ concentration increased from 0.1 to 1.0 M, the response current of ethanol oxidation increased from 4.3 to 4.98 mA due to tiny particles which raise the active areas of ␣-Ni(OH) 2 . However, upon further increasing the concentration of Ni 2ϩ up to 2 M, the agglomeration of the particles on the surface took place and decreased response current of ethanol oxidation to 0.6 mA.
The interactive mechanism between ethanol and the α-Ni(OH) 2 electrode surface.-The mechanism and kinetics of ethanol oxidation on nickel anode in the alkaline solution have been widely studied.
1,20-24 Fleischmann and co-workers 1,20 studied the mechanism, kinetics, and products of the oxidation of alcohol on the Ni electrodes. Several researchers investigated the mechanism of the anodic oxidation and chemical reaction of ethanol at a nickel electrode. [21] [22] [23] [24] However, little attention has been paid to the effect of thickness of ␣-Ni(OH) 2 on the mechanism of ethanol oxidation. Both surface properties and thickness of ␣-Ni(OH) 2 affect the reaction of ethanol oxidation. Wohlfahrt-Mehrens et al. 15 verified that nickel hydroxide was predominately an ionic conductor. This means that the electrochemical reaction must occur underneath the ionic conductor at the ␣-Ni(OH) 2 /substrate interface, whereas the chemical reaction takes place at the electrolyte/␣-Ni(OH) 2 interface. At potentials higher than 300 mV ͑vs. Ag/AgCl͒, anodic nickel hydroxide oxidizes to nickel oxyhydroxide. 20 The electrochemical reaction between the redox pair ␣-Ni(OH) 2 /␥-NiOOH is reversible and takes place at the Pt/Ti interface, i.e., X ϭ O as shown in Fig. 7 . This reaction can be expressed as
The mechanism of ethanol oxidation on the outer layer of ␥-NiOOH electrode, i.e., X ϭ L as shown in Fig. 7 , in alkali media is
If the thickness of ␣-Ni(OH) 2 film is less than 5.09 m, an electron can be easily extracted into the ␣-Ni(OH) 2 /substrate interface, and the intermediate 1 can be further oxidized into aldehyde immediately by chemical reaction at the interface of the outer layer
Since the oxidation rate of aldehyde is significantly faster than that of ethanol, aldehyde would be continuously oxidized to acids at the interface of the outer layer If the thickness of ␣-Ni(OH) 2 film is too thick, once the␥-NiOOH is formed on the substrate, the chemical reaction of ethanol oxidation only occurs at the outer surface of ␥-NiOOH and most of the inner layer still keeps in the structure of ␥-NiOOH, generating no signal of oxidation current.
Conclusions
The ␣-Ni(OH) 2 /Pt/Ti electrode was successfully made by cathodic reduction of nickel nitrate solution. The effect parameters of the prepared ␣-Ni(OH) 2 electrode on ethanol oxidation were obtained. XRD and XPS were shown to be excellent tools for identifying the structure of ␣-Ni(OH) 2 films. The results showed that the ethanol oxidation was more efficient at the ␣-Ni(OH) 2 /Pt/Ti electrode than at ␤-Ni(OH) 2 /Pt/Ti electrode. The optimal operation conditions of preparing the ␣-Ni(OH) 2 /Pt/Ti electrode were 15 min deposition time and 1 M Ni 2ϩ . The mechanism of ethanol oxidation was influenced by the thickness of ␣-Ni(OH) 2 films. 
